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A two-year small-plot fi eld experiment with the grain maize hybrid KWS 2376 was conducted on heavy soil with a low supply of available nutrients incl. potassium (K) at Otrokovice, Czech Republic, during 2010-2011. The experiment included 4 treatments: unfertilized control; nitrogen (N) fertilisation with urea (120 kg N/ha) alone or combined with two forms of K fertiliser (potassium chloride (KCl) or potassium sulphate (K 2 SO 4 ); 125 kg K 2 O/ha). Biomass samples for determination of Zn, Mn, Cu and Fe were taken as the whole aboveground biomass in the DC 32 (fi rst node stage), the ear-leaf in the DC 61 (fl owering stage) and grain during the harvest. Between the two years the content of micronutrients in the individual treatments varied irregularly. In DC 32 and DC 61 the order of the content of micronutrients was as follows: Fe > Mn > Zn > Cu. The Fe content was signifi cantly the highest in the unfertilised control and the Mn content a er the application of N + K 2 SO 4 in both samplings. In the grain the order was as follows: Zn > Fe > Mn > Cu (mg/kg DM): at the following contents: . We can recommend fertilisation of maize with urea and with both potassium mineral fertilisers without any negative eff ects on the content of the micronutrients in the maize biomass. zinc, manganese, copper, iron, leaf, plant Maize (Zea mays L.) is a crop of worldwide importance whose grain is used primarily in the food and feed industries or as silage for feeding animals or as a substrate for biogas stations. The current situation in the Czech Republic is that maize is grown for grain and silage on about 98,000 and 192,000 ha, respectively, of the country's total arable land of about 3.2 million ha (Lošák et al., 2010) . However the maize acreage is continuing to increase.
Cultivation of high yielding quality crops including corn is dependent on adequate and balanced nutrient fertilization (Sahrawat et al., 2008; Prokeš, 2008) . In this respect nitrogen is of crucial importance (Berenguer et al., 2009; Gallais et al., 2008) particularly in raising yields and fodder production. Indeed under conditions in the Czech Republic, nitrogen is o en the only nutrient which is supplied as a fertiliser, crops in many cases being dependent on the natural fertility of the soil as a source of other macronutrients -P, K, Ca, Mg, S (Lošák et al., 2006 (Lošák et al., , 2011 .
In terms of micronutrient supply, maize is usually fertilised with zinc (Potarzycki and Grzebisz, 2009; Hossain et al., 2008; Fecenko and Ložek, 1996) , the other micronutrients considered here (Mn, Cu, Fe) not normally being supplied. The importance the micronutrients in plant nutrition should not be underestimated. As pointed out by Marschner (1995) , even though micronutrients are present in the plant in only minute concentrations, plant and crop growth is crucially dependent on an adequate supply of all essential elements regardless of the amounts in which they are required. Interactions between macro-and micronutrients (ions) may result in their increased (synergism) or reduced (antagonism) uptake by the plant and in this way they may have a fundamental eff ect on the entire metabolism of the plant.
The aim of the work reported here, a two-year fi eld small-plot experiments with grain maize, was to assess the impact of nitrogen and potassium on the content of four micronutrients (Zn, Mn, Cu, Fe) in maize biomass at the DC 32 (1 st node), DC 61 (fl owering stages) and in the grain at harvest.
MATERIALS AND METHODS
Two-year fi eld small-plot experiments with grain maize were established in 2010 and 2011 in co-operation with the fi rm KWS OSIVA on heavy cambisol at the site Otrokovice near Zlín (SouthEast Moravia, Czech Republic, 49°11'23.046"N, 17°32'39.020"E, 200 m above sea level). This is a sugar beet production area, with typical spells of drought during the growing season. The average annual temperature is 8.9
o C and average annual precipitation 619 mm. For the experiment we intentionally selected a plot with a low supply of available nutrients in the soil according to Mehlich III (Tab. I).
In both years the grain maize hybrid KWS 2376 (FAO 340) was used a er conventional pesticide treatments. The seed rate was 78,400 seeds/ha and sowing was carried out on 27 April 2010 and 9 April 2011 using a Kverneland Accord Optima pneumatic precision seed drill.
The experimental plots (randomised complete block Latin square design) were laid out within the normal fi eld area. Each plot measured 6 m x 30 m (8 rows at 0.75 m spacing). Urea (46% N), muriate of potash (KCl; 60% K 2 O) and potassium sulphate (K 2 SO 4 ; 50% K 2 O, 18% S) were applied manually prior to sowing and harrowed into the soil to avoid N (ammonia) losses via volatilisation (Tab. II). Each treatment included 4 replicates.
In both years weed control was carried out by conventional chemical methods. The entire aboveground biomass in DC 32 (fi rst node stage), and ear-leaf in DC 61 (fl owering stage) and grain during the harvest was taken as biomass sample for the determination of Zn, Mn, Cu and Fe. During manual harvest (7 November 2010 and 17 October 2011) at the DC 89 stage (dry straw, yellow leaves), 15 cobs from each plot were taken for sampling following yield measurements.
The soil was extracted using the Mehlich III method (CH 3 COOH, NH 4 NO 3 , NH 4 F, HNO 3 and EDTA). The content of available phosphorus (P) in the extract was determined colorimetrically and the content of available potassium (K), magnesium (Mg) and calcium (Ca) by atomic absorption spectrometry (AAS). The ion-selective electrode (ISE) method was used to determine the pH value a er extraction in 0.01 M CaCl 2 .
Plant and grain samples were dried at 60 o C to a constant weight. A er wet oxidation (HNO 3 +H 2 O 2 ) of the samples in a standard laboratory microwave, micronutrient chemical analyses were carried out using atomic absorption spectrometry (AAS).
The data were statistically analysed by means of variance analysis (ANOVA) using the statistical programme Statistica. Scheff e's test (P < 0.05) was used to determine statistically signifi cant diff erences between the factors within methods of subsequent tests.
RESULTS AND DISCUSSION
The four micronutrients in this study Zn, Mn, Cu and Fe, function in numerous ways in plant metabolism with roles that are now reasonably well established and have been reported in detail in the texts of Marschner (1995) , Bergmann (1992) , Mengel and Kirkby (2001) and the review paper of Kirkby and Römheld (2004) . All four of these micronutrients activate particular enzyme systems and are closely involved in various plant physiological processes. A lack of availability of this micro nutrient is particularly evident on high pH, calcareous, clay soils, low in organic matter (Mengel and Kirkby, 2001 
a) Content of micronutrients in whole plants in stage DC 32
The micronutrient composition of the plant mass of maize plants sampled at the stage of the 1 st node (DC 32) is given in Tab. III. Maize is a zinc-intensive plant with a high zinc demand (Mengel and Kirkby, 2001 ). The Zn content (Tab. III) ranged between 53 and 73 mg/kg and between 51 and 65 mg/kg in 2010 and 2011, respectively. These values may be considered adequate for this crop (suffi ciency range 21-70 mg/kg in maize leaves Mengel and Kirkby, 2001) . In both years the Zn content was the highest in the control unfertilised treatment (treatment N0K0) and is in accordance with the fi ndings of Camp (1945) and Ozanne (1955) that high levels of nitrogen reduce zinc content. Lockman (1969) discovered that the content of manganese in the maize plants 30-45 days a er emergence was adequate, i.e. 50-160 mg/kg. In our experiment the content of manganese (Tab. III) varied among the years and treatments and ranged between 62 and 76 mg/kg and between 88-108 mg/ kg in 2010 and 2011, respectively. The contents of Mn were adequate for this growth stage and ranged between 40 and 100 mg/kg, as reported by Bergmann (1992) . A er the application of potassium sulphate (treatment N1K1S) the content of manganese was the highest in both years.
In our experiments (Table III) the copper content ranged closely within 2.6-4.6 (2010) and 3.9-6.9 (2011) (mg/kg), however no evident two-year dependence between the treatments was seen. Nan and Cheng (2001) reported that the average content of Cu in stems in the mature stage was 5.40 mg/kg.
Maize is very susceptible to iron chlorosis (Wirén et al., 1994) . For the micronutrients and for iron in particular, this is likely to be of special relevance on high pH calcareous soils, which are renowned for so called "lime induced chlorosis" (Marschner, 1995) . In the fertilised treatments the Fe contents were relatively balanced in both years; nevertheless in the two years the contents were the highest in the unfertilised control (266 and 490 mg/kg, respectively). These results are not in accordance with the fi ndings of Mengel and Kirkby (2001) who discovered that the uptake of ammonium N results in acidifi cation of the rhizosphere which in turn increases the solubility and uptake of micronutrients. At the fl owering stage (DC 61), only the earleaf was sampled and not the entire aboveground biomass.
It has earlier been shown that the maximum accumulation of Cu, Mn and Zn is obtained 100 days a er emergence, i.e. in the second half of the grain fi lling period (Borges et al., 2009 ) which well corresponds with our results with the Cu contents at the 2 nd sampling (Tab. IV). The Zn and Fe uptake was however reduced in both years as compared with the fi rst sampling, probably on the basis of the so-called dilution eff ect (Mengel and Kirkby, 2001 ). In the fi rst year there were no diff erences in the zinc contents, while in the second year its content increased signifi cantly a er the application of both potassium fertilisers. In both years the Mn content was the highest a er the application of potassium sulphate (N1K1S), Tab. IV. In 2010 the Cu content did not change, while in 2011 it increased a er the application of nitrogen and potassium. Just like the fi rst sampling (Tab. III) in the second sampling (Tab. IV) the highest Fe content was also seen in the unfertilised control treatment. Our results do not quite confi rm the studies by Ogundela et al. (1988) that increased N supply had no infl uence on the concentrations of Cu, Fe, Mn and Zn in the ear leaf of maize (Zea mays L.)
c) Content of micronutrients in grain
The contents of micronutrients in grain (Tab. V) fl uctuated in both years mostly within close ranges. The year-on-year diff erences in Mn and Cu were more marked.
The Zn content varied in both years in a range between 19.20 and 23.19 mg/kg and corresponds with the results of 3-year experiments of Hossain et al. (2008) with maize; they reported 16.5-27 mg/ kg as the average content of zinc in grain. Orosz et al. (2009) reported that the average content of Mn in sweet corn (Zea mays conv. saccharata) was 1.2 mg/ kg and this datum corresponds with our results only for the fi rst year. In the second year the contents of Mn were higher (2.82-3.60 mg/kg, Tab. V). According to Gorsline et al. (1964) , Mn accumulation is genetically controlled; however, it is probable that the interaction genotype-environment also plays an important role. The Cu content in both years fl uctuated within a range of 0.19-1.34 mg/kg (Tab. V). Nan and Cheng (2001) found that the Cu content in grain in the mature stage ranged between 3.60 and 4.53 mg/kg. Mantovi et al. (2003) reported a lower content of Cu in grain. Lošák et al. (2011) reported that the average content of Cu in maize grain ranged between 0.3 and 0.6 mg/kg. The Fe content in grain fl uctuated between 15.12 and 19.87 mg/kg and is in accordance with the results of Lošák et al. (2011) . According to Orosz et al. (2009) , the average content of Fe in grain was 2.4 mg/kg, and this is considerably lower than our results, however, these were in sweet corn (Zea mays conv. saccharata). 
SUMMARY
The application of nitrogen (N) in combination with the chloride (KCl) and sulphate (K 2 SO 4 ) form of potassium was refl ected in irregular contents of Zn, Mn, Cu and Fe in the monitored parts of the plants. At the same time we detected year-on-year diff erences in the nutrients. We can recommend fertilisation of maize with urea and both potassium mineral fertilisers without any negative eff ects on the content of the micronutrients in the maize biomass.
